Abstract Al-Si alloy matrix composites reinforced with different weight fractions of Al 2 O 3 particles up to 25 wt% were fabricated by stir casting method. The effect of weight fraction of Al 2 O 3 and heat treatment on the wear behavior of Al-Si alloy and its composites was investigated. The results showed that wear resistance of the investigated composites was improved by heat treatment and Al 2 O 3 particles addition. The effect of heat treatment on the corrosion behavior of composites compared with its matrix in 3.5 % NaCl at 600 rpm using electrochemical potentiodynamic polarization test was also investigated. The corrosion resistance of the composites with 10, 15, and 20 % Al 2 O 3 particles was higher than that of the matrix alloy. Heat treatment of Al-Si alloy and its composites resulted in marked improvements in the corrosion resistance as compared with these materials in the as-cast condition.
Introduction
Metal matrix composites (MMCs) represent a new generation of engineering materials in which a strong ceramic reinforcement is incorporated into a metal matrix to improve its properties including specific strength, specific stiffness, wear resistance, corrosion resistance, and high elastic modulus [1] [2] [3] . The performance of various components in aerospace industries is based primarily on their wear and friction characteristics [4] . Previous studies on sliding wear of Al 2 O 3 -reinforced composites in the as-cast and heat-treated conditions varied and are often contradicting [5] [6] [7] [8] . Das et al. [9] concluded that composites after heat treatment possess superior wear properties as compared with those of composites and matrix alloy in the as-cast condition. Li and Tandon [10] found that the wear resistance of Al-Si alloys reinforced with 20 vol% SiC particles was not improved significantly as a result of the heat treatment. One of the main obstacles to use of MMCs is the influence of reinforcement on corrosion resistance. This is particularly important in aluminum alloy composites, where a protective oxide film imparts corrosion resistance. The addition of reinforcement could lead to further discontinuities in the protective layer, increasing the number of sites where corrosion can be initiated and rendering the composite liable to severe attack [11, 12] . The main causes of the corrosion in MMCs are reported as (1) galvanic coupling between the matrix and the reinforcement materials, (2) formation of an interfacial phase between the reinforcement and matrix, and (3) microstructural changes processing contaminants resulted from manufacture of the MMC [13, 14] . The effect of reinforcement on corrosion behavior of composites is still unclear. Corrosion current density has been shown to increase or decrease or remain unaffected in the presence of reinforcements. In addition, reinforcements have been shown to increase or decrease or not to affect the open circuit potential (OCP) [15] . The effect of heat treatment has been found to be the very important parameter in determining the corrosion behavior of aluminum alloy composites. Kolman and Butt [16] and Sun et al. [17] studied corrosion characteristics of in situ TiB 2 particulatereinforced Al-Si alloy composite after heat treatment. They reported that the corrosion resistance of the composites decreased with increasing TiB 2 content. Włod-arczyk-Fligier et al. [18] investigated the effect of heat treatment of the reinforcing Al 2 O 3 , Ti(C, N), and BN particles in the EN AW-AlCu 4 Mg 1 (A) aluminum alloy on the corrosion resistance in the NaCl water solution environment. They found noticeable improvement of heat treatment on the corrosion resistance of composite materials in 3 % NaCl solution. Therefore, the main objective of current study is to investigate the effect of weight fraction of Al 2 O 3 and heat treatment on corrosion behavior of Al-Si MMCs reinforced by Al 2 O 3 particles. The effect of heat treatment on wear behavior of Al-Si alloy and its composites with different weight fractions of Al 2 O 3 was also investigated. The companion paper [19] deals with the hardness and corrosive wear behavior of the Al-Si alloy matrix composites reinforced by 0, 10, 15, 20, and 25 wt% of Al 2 O 3 particles. The influence of applied load on wear rate of Al-Si alloy matrix composites has been also investigated [19] .
Experimental Procedure
In this study, Al-Si alloy matrix with a density of 2.68 g/cm 3 was used as the matrix, while Al 2 O 3 particles with a density of 3.9 g/cm 3 and an average particles size of 75 lm were used as the reinforcement. The chemical analysis of Al-Si alloy matrix used in this investigation is 7.1 % Si, 0.3 % Mg, 0.01 % Mn, 0.02 % Cu, 0.01 % Ni. The MMCs with 0, 10, 15, 20, and 25 wt% Al 2 O 3 particles were fabricated. The Al 2 O 3 particles-reinforced Al-Si MMCs have been produced by using stir casting method. The composites were shaped in the form of cylinder of 10 mm diameter, and height of 100 mm. Al-Si alloy was charged into the crucible and heated to about 750°C. Al 2 O 3 particles were added to the molten metal with a particle addition rate of 5 g/min. The melt was stirred at a stirring speed of 700 r.p.m. and a stirring time of 5 min after the completion of particle feeding. Wettability was improved by heating Al 2 O 3 to 900°C before their dispersion in the melt and addition of 1 % Mg. The specimens were heat-treated in the following way: solution treatment at 540°C for 8 h, water quenching at 60°C, and isothermal aging at 155°C. After the solution treatment and/or the aging treatment, the specimens were stored at all times in a freezer (when not in use) to prevent any natural aging [20] .
Dry sliding wear test was carried out on a pin-on-disk apparatus. This test was performed under dry sliding conditions between the specimen and steel disk. The wear pin specimens were of a cylindrical shape having a diameter of 9 mm and a height of 15 mm. Test specimens were roughly ground up to grade 800 abrasive paper, making sure that the wear surface of the specimens is in a full contact with the surface of the disk. Before testing, the wear pin was held in a steel holder in the machine. The sliding wear tests were performed against steel disk with 200 mm diameter at a constant sliding speed of 1 m/s under the load of 40 N. The sliding distance was varied from 300 to 1,200 m. The wear track diameter was kept constant at 80 mm in all tests. The mass losses of the specimens were obtained by determining the masses of the specimens before and after wear tests. The sliding wear rate was calculated by converting the mass loss measurements to volume loss by using the respective densities [21] .
In corrosion test, MMCs and Al-Si alloy were totally immersed in 3.5 % NaCl electrolyte for 28 days. Corrosion rates (mm/year) were calculated based on mass loss of the materials. The specimens were cut in a form of circular disks with a diameter of 10 mm and a thickness of 3 mm. The specimens were prepared by grinding to 600 grit. The specimens were weighed before immersion experiments. Approximately 250 ml of 3.5 % NaCl electrolyte was poured into the beaker, so that the specimens were completely immersed in the electrolyte. A total of 10 beakers were partially covered to keep the evaporation of electrolyte. After the test, the specimens were cleaned in 50 vol% nitric acid (HNO 3 ), dried, and then weighed [22] . In potentiodynamic test, the specimens were cut into a form of circular disks with a diameter of 10 mm and a thickness of 3 mm. The specimens were mounted in special acrylic mounting and prepared by grinding up to 600 grit. Small hole was made on the mounting for electrical connection of specimens in corrosion cell. The experimental arrangement for corrosion test consists of a magnetic stirrer and corrosion cell that composed of test specimen, reference calomel electrode, and auxiliary graphite electrode, and all of them were immersed in glass cylinder containing 3.5 % NaCl electrolyte. The potentiodynamic corrosion test was carried out at 600 rpm. Electrochemical parameters were determined using Minslberg potentiostat/galvanostat model-PS6. The initial and final potential as well as the scanning rate are adjusted; the output of each run consists of a polarization curve through which the corrosion parameters can be determined using a software package supplied by the manufacture using Tafel extrapolation technique.
Results and Discussion

Microstructure
Optical micrographs of the Al-7 % Si alloy and 10, 15, and 25 wt% Al 2 O 3 particle-reinforced composites, fabricated under the optimum production conditions, are shown in Fig. 1 . The most important factor in the fabrication of MMCs is the uniform dispersion of the reinforcements. As shown in Fig. 1 , uniform dispersion of the particles was approximately achieved, but some of these particles agglomerated by increasing Al 2 O 3 particle. The optical micrographs of the composites also show particle clustering and agglomeration. The dark black regions may indicate Al 2 O 3 particle or porosity. As a result, optical observations of the microstructures revealed that increasing Al 2 O 3 particle led to agglomeration and segregation of the particles and porosity. The reason for the particle segregation may be as follows: the Al dendrites solidify first during solidification of the composite, and the particles are rejected by the solid-liquid interface and hence are segregated in the inter-dendritic region [3] . Figure 2 shows SEM micrographs of the Al-Si alloy matrix and composite with 25 wt% Al 2 O 3 that were fabricated under the best production conditions as mentioned above in Sect. 2. As shown in Fig. 2a , uniform dispersion of the particles was approximately achieved. Microstructure of Al-Si alloy consists of primary a-Al dendrites and inter-dendritic region of either eutectic Si-rich phase or shrinkage cavities as shown in Fig. 2b , c. There are no gaps between the hard particles and the matrix. Figure 2d shows the interfacial region between the matrix and Al 2 O 3 particles. There is no debonding between the Al 2 O 3 particles and the Al-Si matrix, and an interface may be formed as a result of interaction between Al 2 O 3 particles and molten Al-Si alloy during fabrication process, as shown in Fig. 2d . According to previous study by Daoud and Reif [20] , the particulate/matrix interaction in the composites containing The formation of either MgO or MgAl 2 O 4 spinel depends on the Mg content in the melt. If the Mg content is lower than 7 wt%, like in the present case, the formation of MgAl 2 O 4 spinel is favored and is present mainly at the particulates/matrix interface [20] . Such an experimental observation indicates that the reaction given by Eq. 1, that describes the formation of MgAl 2 O 4 spinel between two ceramics (MgO and Al 2 O 3 ), is unlikely due to the fact that solid-state reaction is kinetically very slow. Equation 2 describes the formation of the MgAl 2 O 4 spinel as a result of direct reaction between the Al 2 O 3 and Mg within the liquid matrix alloy. This is a possible mechanism for the formation of the spinel reaction product in the melt. [23] [24] [25] . In Fig. 3 , Al-Si alloy showed the highest wear rate (0.095 mm 3 /m) at a sliding distance of 1,220 m. While the composite with 25 % Al 2 O 3 showed the lowest wear rate (0.053 mm 3 /m) with wear resistance improving ratio of 69.2 %. The improvements in the wear resistance is because of the presence of hard particles, which increase the hardness of the material [8, 26] . Ramachandra and Radhakrishna [26] described that in the initial stage of wear, the reinforcement particles act as load-carrying elements and as inhibitors against plastic deformation and adhesion of matrix material. In the later stages of wear, the worn particles are dislodged from their positions in the matrix and mixed with the wear debris. The wear debris containing matrix material, worn particles, and iron from the disk are pushed into the craters formed by dislodging of Al 2 O 3 particles and act as load-bearing element. Figure 4 shows the wear rates of the composites with different weight fractions of Al 2 O 3 and in the as-cast and heat-treated conditions. It is clear that the wear rate of all heat-treated specimens is less than that of the specimens in the as-cast condition. The main reason for this improvement is clearly related to the hardness enhancement after the aging treatment [27] [28] [29] [30] . The worn surfaces of tested specimens after wear test are shown in Fig. 5 . The number of grooves, mostly parallel to the sliding direction, is an evident on all the worn pins. Such features are characteristics of abrasion, in which hard asperities of the steel counterface, or hard reinforced particles in between the contacting surfaces, plow or cut into the pin, causing wear by the removal of small fragments of material. Figure 5 also shows delamination of the surface after wear. Grooving and scratching appear more severe in the matrix alloy as shown in Fig. 5a . On the other hand, grooves were less severe by the addition of Al 2 O 3 particles as shown in Fig. 5b, c . Under the optical microscope, the dark surfaces are found to be covered extensively by a thin layer of fine particles as shown in Fig. 5d . 
Immersion Test
In immersion experiment, MMCs and its matrix alloy were totally immersed in 3.5 % NaCl solution for 28 days. The corrosion rate (mm/year) for MMCs and its matrix alloy are summarized in Table 1 . As shown in the Table, the MMC with 10 wt% Al 2 O 3 recorded the lowest corrosion rate (0.86 mm/year). It can be also noted that more addition of Al 2 O 3 particles increases the corrosion rate of composites with 15, 20, and 25 wt% Al 2 O 3 , but it is still less than the corrosion rate of Al-Si alloy matrix (ranged from 82 to 95 % of the corrosion rate of Al-Si alloy matrix). This trend suggests that the introduction of Al 2 O 3 particles to the Al-Si matrix improved the corrosion resistance of the matrix alloy. It is also clear that the corrosion resistance after heat treatment of composites and Al-Si alloy matrix is substantially greater than that in the as-cast condition as shown in Fig. 6 . This improvement in the corrosion resistance of all MMCs may be due to a good connection of the matrix with the reinforcement particles. In addition, the pH value of NaCl solution is 7.5, and it is observed from the pH-potential-Pourbaix diagram of aluminum that aluminum passivates in the pH range of 4.0-8.0 by the rapid formation of aluminum oxide film [31, 32] . Moreover, Si particles as well as Al 2 O 3 particles have poor conductivity and cannot act as a cathode of corrosion reaction [16, 22, 33] .
Potentiodynamic Corrosion Test
The polarization curves presented in Fig. 7 show the corrosion behavior of MMCs and its matrix alloy in the as-cast condition. In cathodic range, the current densities were nearly the same for all specimens. Figure 9 shows corroded surface after potentiodynamic test of MMCs and its matrix alloy before and after heat treatment. It is clear that MMCs as well as the matrix alloy were Figure 9a shows high pits intensity. These pits seem to be enlarged in size. In Fig. 9b , the pits in MMC with 20 wt% Al 2 O 3 appear to be fine. Furthermore, it is obvious that the MMC with 25 wt% Al 2 O 3 is subjected to worse corrosion by comparing Fig. 9c with Fig. 9b , where severe attack was very clear. However, these pits disappeared after heat treatment (Fig. 9d-f ). Figure 10 confirmed that the heat treatment strikingly eliminated extensive pitting. These findings agree with the results obtained from the polarization curves.
Microstructure Examination After Corrosion Tests
Conclusions
The present study provides insights into the wear and corrosion behavior of the Al-Si alloy matrix composites reinforced with different weight fractions of Al 2 O 3 particles up to 25 wt%. The main conclusions drawn from this study are as follows: has high corrosion resistance (*100 mV passive range) with the corrosion rates of 0.86 and 0.0051 mm/year after immersion and corrosion test at 600 rpm, respectively. 5. The heat treatment of the composites and matrix alloy resulted in relative improvements in both corrosion and wear resistance. These improvements were more pronounced in the case of corrosion at 600 rpm.
